Abstract. Coarse resolution ocean models tend to poorly resolve many smaller-scale phenomena, including the equatorial currents narrowly confined around the equator. We study the free equatorial Kelvin wave in inviscid finite difference models using the Amkawa A, B, C, and E grids. Exact analytic solutions with meridional velocity v = 0 are found on the A, C, and E grids. As the assumption v = 0 is not valid on the B grid, the solution is obtained numerically by a "shooting" method. In all cases, the wave remains nondispersive, and the phase speed is unchanged from that in the continuum except in the B grid, where it decreases with worsening resolution. The mean zonal heat transport by the Kelvin wave during an El Nifio is compared on the various grids. In terms of the currents and sea level displacements, the B grid best models the equatorial Kelvin wave under coarse resolution, though in terms of zonal heat transport and phase velocity, the C grid appears superior. The A and E grids appear to have the most trouble. Our theoretical predictions are checked experimentally by generating equatorial Kelvin waves in linear shallow-water equation models on the various grids. Additional effects of Rayleigh damping and Newtonian cooling are studied in the appendix.
Introduction
Distortions by finite difference effects are significant in coarse resolution ocean models, where the grid spacing is usually insufficient for properly resolving the internal Rossby radius. Nevertheless, there have only been a few studies of f'mite difference effects in ocean models: Arakawa Global ocean climate models and coupled climate models tend to use grid spacings of the order of the internal equatorial Rossby radius (about 290 kin), which is inadequate for resolving in the meridional direction the equatorial Kelvin wave and the equatorial undercurrent, as both are trapped mainly within one Rossby radius of the equator. The zonal grid spacing, on the other hand, has a negligible effect, as the wavelength in the zonal direction is generally much larger than the Rossby radius. Henceforth we limit our study to only finite difference effects in the meridional direction. Since the equatorial Kelvin wave has a central role in determining the equatorial climatology as well as the El Nifio-Southern Oscillation in climate models, the study of finite difference effects on the Kelvin wave is crucial to understanding biases in our climate models.
In finite difference ocean models, there are several possible arrangements of the model variables in the horizontal plane Our objective is to provide a comprehensive treatment of the finite difference effects on the equatorial Kelvin wave over the various grids. We present exact analytical solutions of the free equatorial Kelvin wave in the A, C, and E grids, and examine how resolution affects the wave structure and the zonal heat transport. As the B grid does not lend itself to exact analytical treatment, a numerical treatment is used for the B grid. Comparisons are made between the various grids to determine which grid models a particular aspect of the equatorial Kelvin wave best. The outline of this paper is as follows: After laying down the governing equations in section 2, we explore equatorial Kelvin waves on the C grid in section 3, the E and A grids in section 4, and the B grid in section 5. Zonal heat transports on the various grids are compared in section 6. Our theoretical predictions are tested experimentally in section 7 by generating equatorial Kelvin waves in shallow-water equation models. Kelvin waves under Raleigh damping and Newtonian cooling in finite difference models are studied in the appendix. 
Governing Equations
where (u, v) is the nondimensionalized velocity transport (velocity multiplied by the equivalent depth), and •: and y are the nondimensionalized mixing coefficients. We begin with the undamped case where the Rayleigh friction coefficient E and Newtonian cooling coefficient y are zero, so (2) reduces to u t=-t/x, yu=-•/•, t h=-u x. 
The equatorially trapped solution, the equatorial Kelvin wave, follows from choosing c=l; whence u(y)= u o ex•pl-y 2 / 2),
with u o the wave amplitude at the equfitor. The wave is nondispersive and eastward propagating, as the phase speed c = 1. Equations (5) and (6) provide the continuum solution, against which the finite difference solutions of the following sections will be compared.
Equatorial Kelvin Waves on the C Grid
The finite difference effect on ( 
where in case C l a, the Coriolis parameter is estimated at a v point, then multiplied by the latitudinal average of two u points; whereas in case C lb, the average of the Coriolis term yu at two u points is used instead. These two cases correspond respectively to the potential-enstrophy-conserving scheme and the energy-conserving scheme by Sadourny [1975a, b] , who found that the potential-enstrophy-conserving scheme (i.e., our case C l a) to have superior stability.
From (7), we have
where for the eastward propagating Kelvin wave, we choose c = 1. Hence, the Kelvin wave phase speed is unaffected by the finite difference effects in the C 1 grid. Equations (9) For the B 1 case, we found it necessary to allow the wavenumber to be complex. As A becomes small, the ratio of 
+ wA2 [(j_•)2 + (j+ •)2 ](4w2A2 _k2A2 -4) -4a 4 (j-•)(j + •)[k + •a 2 (j-•)(j + •)]} /{•(k2a2 _ 4)[•2-(j_ •)2 A21} G =[•2 _(j +•)2 a2 ]/[•2 _ (j_ •)2 a2]. (26a) (26b)
The properties of the solution of (26) (Figures 9, 10b, ., a trough) and that at the eastern boundary raised (a "crest"). During an E1 Nifio, the "trough" propagates from the western boundary to the eastern boundary in about 2 months. This suggests that the E1 Nifio scenario can be represented in our simple two-layer model by an equatorial Kelvin wave with a wavelength double that of the zonal basin width and a period of about 4 months (we chose 130 days). Figure 12 shows the percentage error in the ZHT on the four C grids, the El, the B1, and the B 2 grids with respect to the ZHT in the continuum. The ZHT on the E2 grid is not considered here as this solution was found to be unbounded in the last section. Figure 12 were calculated based on the assumption that the meridionally integrated u transports in the finite difference models were the same as the transport to the continuum solution. In general, the best ZHTs were found in C lb, C 2b, followed by B1 and B 2, in decreasing order of accuracy. It may seem puzzling why the B grid, which models the currents and sea level displacements better than the C grid, turns out to be less accurate in the ZHT. This may be explained by the fact that for the C grid, u and 11 are located at the same latitude, while for the B grid, they are not. Since the product u•l is involved in calculating the ZHT, the B grid is at a disadvantage when its u and •l points are at different latitudes. Again as in Figure 5 , the result for E 1 at resolution A should probably be compared with the other grids at resolution %1• A, which gives E 1 a good accuracy for ZHT.
Note that the ZHT values in

Numerical Experiments
To experimentally verify our theoretical predictions of finite difference effects, we ran shallow-water equation models [Arakawa and Lamb, 1977] on the various grids, with absolutely no damping. Centered on the equator, the numerical models were 12 Rossby radii wide meridionally, and 38 Rossby radii wide zonally (corresponding to about 11,000 km), with solid boundaries all around. The initial condition corresponded to having an equatorial Kelvin wave (with half wavelength equal to the model zonal width). Zonally, the wave had a sinusoial shape with a crest centered in the middle of the ocean. Our finite difference theory pwvided the initial sea level displacement and currents for this wave. The wave was allowed to evolve without external forcing. As the wave propogated eastward, we observed the shape and measured the propagation speed.
Our theoretical prediction of decreasing phase speed in the B grid with worsening resolution was indeed observed. Figure  10 shows some experimentally measured phase speeds plotted against the theoretical phase speed on the B2 grid. Similarly, our predictions that the phase speed should remain unchanged in the C grid with worsening resolution was also confirmed, with Figure 13 showing some measured phase speeds on the C2b grid.
We also used the continuum solution (Section 2) as the initial condition on these grids. However, as the continuum solution is not the correct Kelvin wave mode on these grids, the initial wave soon began to disperse at a significantly faster rate than in the corresponding run which used our theoretical finite difference wave solution as the initial condition.
Our predictions for the A or E grids were also tested on shallow-water A grid models. As the resolution worsens, the observed phase speed on the A 1 grid became greater than our predictions (which was a constant independent of the grid spacing) (Figure 13 ). The spatially growing grid-scale oscillatory mode permitted under (18) was not observed, indicating that the mode was not readily excited. However, our runs were only of 1-month duration, which could be too short a time to excite such a mode. In practice, numerical models would have damping terms which would also control this oscillatory mode. For the C grid, we limit ourselves to the C2b case, with the finite difference form of (2) In summary, as •1 and v lie on the same latitude in all the C and E grid configurations, their dispersion relations are identical to that for the continuum, i.e. (A3). For the B grids, one can derive analogous equations to (25) and (26), though the functions F and G will be complex, and a numerical approach will again be needed.
